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ABSTRACT 
 
 
Quartz crystal microbalances (QCM) are chemical sensors used for liquid and vapor 
sensing.  In this thesis work, plasticized poly (ethyl methacrylate) (PEMA) coated QCM was used 
to study sorption behavior of benzene, ethylbenzene and toluene in respective polymer at 298.15K. 
Poly (ethyl methacrylate) (PEMA) is a promising polymer with solubility parameter close to 
BTEX compounds, but it's glassy and rigid nature at room temperature make it less sensitive. The 
addition of plasticizers (Diisononyl cyclohexane-1,2-dicarboxylate (DINCH) and Diisooctyl 
azelate (DIOA)) lowers the glass transition temperature, provides flexibility and thus increases the 
free volume of the polymer to enhance analyte sorption. In order to study sorption processes of 
BTEX compounds from a vapor phase, QCM either with PEMA/DINCH or PEMA/DIOA film 
has been developed. The plasticizer concentration in PEMA was adjusted to obtain maximum 
sorption and sensitivity. Differential Scanning Calorimetry (DSC) was used to measure the glass 
transition temperature (Tg) of pure PEMA and plasticized PEMA. A drop-in glass transition 
temperature was noted with addition of plasticizer. Activity versus Weight fraction data for 
benzene, ethylbenzene and toluene in plasticized PEMA was collected using quartz crystal 
microbalance. It was observed that sorption of solvent vapors in PEMA increase with increasing 
concentration of plasticizers. The Flory-Huggins Model written for a ternary system was used to 
represent the experimental results.   
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CHAPTER 1: INTRODUCTION 
 
 
1.1 Motivation 
Detection of volatile organic compounds (VOCs) in indoor environment is important for 
health and safety. The VOCs are the organic compounds which have very high vapor pressure and 
can vaporize at room temperature. The main sources of VOC emission in indoor environment are 
furniture, paints, lacquers, building materials, craft materials such as glues, markers, pesticides 
etc1. The outdoor sources include oil and gas industry, transportation etc. Many VOCs have both 
long term and short-term adverse health effects. Long term exposure of VOCs can cause throat 
irritation, dizziness, headaches and internal organ damage. Continuous exposure of VOCs can 
cause kidney failure, cancer or central nervous system failure. According to World Health 
Organization (WHO), indoor air with VOC content more than 100 μg/m3 is considered as harmful 
for human body. Among all the VOCs, benzene, toluene, ethylbenzene and xylenes (BTEX) are 
most common analytes because of their deleterious effects. There are number of chemical sensors 
available for sensing VOC gases including Optical sensors, surface acoustic wave sensors and 
chemo resistors. But these sensors have a long fabrication process, and poor reproducibility. 
Chemical sensors based on the piezoelectric effect (such as quartz crystal microbalance) are cost 
effective, have high resolution for mass sensing, and provide real time information2. Low detection 
limit, fast response, high sensitivity and selectivity of QCM sensors allow their use for detecting 
VOCs vapors.  
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1.2 Quartz Crystal Microbalance 
Quartz crystal microbalance is a mass sensing technique based on the piezoelectric effect 
of quartz crystals. The piezoelectric effect in quartz crystals was first discovered by the Curie 
brothers in 18803. In 1959, Sauerbray reported a linear relationship between the frequency decrease 
of oscillating quartz crystal and mass deposited on the crystal, which allow the use of quartz crystal 
as a sensing device4. The Sauerbray equation is given by 
∆𝑓 =  
−2∆𝑚𝑓2
𝐴(𝜇𝜌𝑞)0.5
⁄ = −𝐶𝑓∆𝑚                                                      (1) 
where ∆𝑓 is the measured resonant frequency decrease, f is the intrinsic frequency of the crystal, 
A is electrode area, ∆𝑚 is the mass change on the crystal, 𝜌𝑞 is the density of the crystal and 𝜇 is 
the shear modulus.  
The Sauerbray equation is valid only for small elastic masses and becomes invalid if the 
mass is inelastic or increases to 2% of mass of crystal.  
For liquid samples, others factors such as density and viscosity of liquid need to be 
considered because there is drastic change in oscillating frequency when a liquid sample interacts 
with a quartz crystal5. The equation for frequency shift in case of liquid samples is given by 
∆𝑓 =  𝑓0
3/2
(
𝜌𝜂
𝜋𝜌𝑞𝜇
)1/2                                                                        (2) 
where ρ and 𝜂 are the density and viscosity of the liquid respectively. 
The basic principle of quartz crystal is based on the oscillation of crystal at its resonant 
frequency when alternating voltage is applied. Deposition of mass on the crystal results in 
frequency shift of QCM. 
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A quartz crystal microbalance is a piezoelectric device consists a thin quartz disk coated 
with an electrode. The quartz crystal disk is either AT cut, or BT cut, such that acoustic wave 
propagates perpendicularly to the crystal surface.  In this thesis, only AT-cut crystals were used. 
The Butterworth-van Dyke6 model is used to predict electrical behavior of the quartz 
crystal resonator and  frequency shifts in AT-cut quartz crystal. The BVD model consists of two 
arms with three series components:  
• Resistor (R) corresponds to dissipation of oscillation energy from material in contact with 
QCM. Liquids and soft materials will increase the motional losses which then increase the 
motional resistances. 
• Capacitor (C) is related to stored energy in the oscillation. 
• Inductor (I) corresponds to inertial components and related to mass deposited on the 
crystal. When mass is added to the crystal, the motional Inductance increases. Then the 
frequency shift is related to the mass deposited over the crystal. 
 
 
  
 
 
 
Besides sensor development, Quartz crystal microbalance can be used for adsorption 
kinetic studies of proteins, metal organic frameworks, alkanethiols and interfacial processes7, 8. 
 
 R C L 
C0 
Figure 1 Butterworth van dyke model. 
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1.3 Principles of Plasticization 
A plasticizer is a low molecular weight compound added to a material (usually a polymer) 
to make it more flexible, or to increase its softness and adhesion. In ancient times, water was the 
first product used as a plasticizer in pottery. Ancient Egyptians are also credited for use of 
plasticizers during mummification to preserve dried skin. Dried skin is fragile and wax, cedar oil, 
and gum were rubbed on skin to prevent cracking. In 1924, Turkington mentioned the use of high 
boiling aldehyde as a plasticizer to plasticize phenol resin. German scientist Friedrich Klatte 
received first patent for use of plasticizer in PVC. From 1930-1940, a number of plasticizers were 
synthesized after German scientist Friedrich Klatte received first patent for the use of plasticizer 
in PVC. 
Thus, the plasticization is a process of modifying the mechanical and chemical properties 
of a polymeric material9. It involves 
• lowering of glass transition temperature of a polymer.  
• reducing stiffness at room temperature. 
• increasing chain flexibility and resiliency of glassy polymers. 
• decreasing the viscosity of the polymer. 
• reducing the tensile strength and ductility. 
The addition of plasticizer in polymer chain is an elegant way to enhance the sorption of 
organic vapors in polymer. The interaction of plasticizers with the chains of the polymer increase 
motion of chains and free volume in the polymer which in turn increase vapor sorption10. The 
plasticizers can be categorized into two types:  
• Internal plasticizers: The internal plasticizers occur when one monomer with lower glass 
transition temperature is copolymerized with another polymer chain11. This results in 
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softening the polymer chain and lowers the glass transition temperature. For example, 
polyimides internally plasticized using alkyl 3,5-diaminobenzoate compounds to improve 
solubility and processing11. 
• External plasticizer: These are the low vapor pressure compounds which interact with 
polymer chains without any chemical reaction, leading to lower glass transition 
temperature of the polymer.  For example, Diisooctyl Azelate in Poly (methyl 
methacrylate). 
 
1.4 Requirements for Plasticizer 
The choice of a proper plasticizer depends on the (1) Compatibility (2) Efficiency (3) 
Stability  
1. Compatibility: The compatibility of polymer and plasticizer depends on the polarity, 
chemical structure, size and molecular weight. Solubility parameter is a tool used to 
determine the compatibility of both polymer and plasticizer. There are two types of 
solubility parameters : Hansen solubility parameters and Hildebrand solubility 
parameters12, 13. 
Hildebrand solubility parameter for a pure liquid is expressed as the square root of 
cohesive energy density.  
𝛿 = [
(∆𝐻−𝑅𝑇)
𝑉1
]1/2                                                                 (3) 
where ∆H, R, T and V1 are heat of vaporization, gas constant, temperature and volume of 
solvent respectively.  
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According to Hansen's solubility parameter, heat of vaporization has three 
contributing factors: dispersion forces (d), polar forces (p) and hydrogen-bonding forces 
(h). 
𝛿𝑖
2 = 𝛿𝑑
2 + 𝛿𝑝
2 + 𝛿ℎ
2                                                                 (4) 
For two materials to be compatible with each other, value of their solubility parameters (𝛿) 
should be close enough. 
The chemical structure and polarity of polymer effects its compatibility with 
plasticizer. The dissolution takes place if polymer and plasticizer molecules are close in 
polarity. For example, non-polar group plasticizers (hydrocarbon oil or esters) are 
compatible with non-polar polymer (polyisoprene).  If the content of polar group in 
plasticizer is small, then polar plasticizers can be compatible with non-polar polymers.  
2. Efficiency: The efficiency of a plasticizer can be related to desirable modification of the 
properties of a given material with addition of plasticizer14. The factors on which efficiency 
of plasticizer depends are as follows: 
• Concentration of plasticizer: Generally, lowering of glass transition is directly 
proportional to the concentration of plasticizer in polymeric solution. In many 
applications, 25% of plasticizer in composition gives useful properties over a 
temperature range.  
• Plasticizer shape and size: Aliphatic plasticizers provide high degree of flexibility 
to polymer as compared to plasticizer with ring structures. Moreover, the 
plasticizers with branched molecules are more effective in reducing glass transition 
temperature than plasticizers with linear molecules.  
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3. Stability: The stability or permanence of a plasticizer depends of the size, chemical 
structure and concentration of plasticizer. Higher molecular weight plasticizers have higher 
viscosity, low vapor pressure or less volatility, and are therefore more stable as compared 
to low molecular weight plasticizers. Moreover, the incompatibility of polymer and 
plasticizer results in phase segregation. Such exudation is usually reversible and depends 
on change in temperature, humidity, chemical crosslinkage or mechanical stress etc.  
 
1.5 Differential Scanning Calorimetry 
Differential Scanning Calorimetry is a technique used for studying the thermal properties 
of polymer such as melting, heat flux, specific heat, crystallization temperature, glass transition 
temperature, rate of cure etc15. DSC measures the heat flow between a sample and a reference as 
a function of temperature. The reference is usually an inert material such as alumina or air.  
DSC heat flow is given by equation (5) 
𝑑𝐻
𝑑𝑡
= 𝐶𝑝
𝑑𝑇
𝑑𝑡
                                                                               (5) 
where 
𝑑𝐻
𝑑𝑡
 is DSC heat flow, 𝐶𝑝 is heat capacity of the sample and 
𝑑𝑇
𝑑𝑡
 is the heating rate. 
The DSC analysis involves a series of endothermic and exothermic processes during phase 
transition of polymer with increasing temperature. The increase in heat flux corresponds to 
endothermic process e.g. crystallization, curing and decomposition, whereas decrease in heat flux 
is related to absorption of energy i.e. endothermic processes such as glass transition and melting.  
The various transition states of the polymer are described as follows: 
• Glass Transition: At this point, the polymer changes from elastic to brittle material because 
of chain mobility. This transition occurs over a wide range of temperature as shown in 
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figure (2). The heat flux is different before and after glass transition. The heat flux is usually 
higher above glass transition. 
• Crystallization: Above glass transition, polymer acts like a soft material. But at certain 
temperature, crystallization happens, and polymer chains rearrange into ordered structures.  
• Melting: At melting temperature, the polymer chain is no longer ordered, and molecules 
are free to move or bend. Melting is an endothermic process  
Heat flux DSC involves the heating of reference and sample at same rate from same heating 
source. The difference in temperature is recorded and converted to heat flux. DSC is an easy to 
use technique providing both qualitative and quantitative data.  
 
Figure 2 Typical Differential Scanning Calorimetry (DSC) output. 
 
1.6 Previous Work 
Activity v/s Weight fraction data was reported for poly (ethyl methacrylate) by Wong et al 
at 323.15 K for benzene weight fractions ranging from 0.061  to 0.30516. Fabien et al. reported the 
use of polymer -plasticizer  coated acoustic wave sensor for detection of benzene in water10. Two 
polymers (poly (methyl methacrylate) and Polystyrene) and two plasticizers (DINCH and DIOA) 
H
ea
t 
F
lu
x
Temperature
Glass transition
Crystallization
Melting
Curing
Oxidation
Or 
Decomposition
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were studied for sensor coating. Pejcic et al. developed a plasticized  poly (methyl methacrylate) 
based quartz crystal microbalance for detection of hydrocarbons in water17. Various plasticizers 
used in this study were diisooctyl azelate, n-butyl stearate, methyl laurate, and di-n-butyl phthalate 
etc. The hydrocarbon sensitivity was studied as a function of plasticizer type and concentration. 
Walsh et al. developed diisooctyl azelate plasticized PVC sensing film for detection of BTEX 
compounds in aqueous solution using ATR-FTIR spectroscopy18. There is no vapor-liquid 
equilibrium data available for PEMA/DINCH and PEMA/DIOA blends in the literature.  
 
1.7 Thesis Organization 
This thesis comprises of five chapters. Chapter 1 is the introductory part which includes 
motivation behind the thesis, literature review, and fundamental discussion about quartz crystal 
microbalance and plasticizers.  Chapter 2 discusses polymer/solvent solution thermodynamics 
including Flory Huggins model for binary and ternary system, Hansen solubility parameters to 
calculate interaction parameters and free volume theory to explain mechanism of plasticizer action. 
Chapter 3 is the experimental section presents the experimental apparatus and procedure along 
with material information used in this project. Chapter 4 presents the results and detailed 
discussion of these results followed by Chapter 5 which includes conclusion and future work. 
 
  
10 
 
 
 
 
 
 
CHAPTER 2: THERMODYNAMICS 
 
 
2.1 Vapor-Liquid Equilibrium 
Vapor-liquid equilibrium is described by fugacities. At equilibrium, the fugacity of a 
species in vapor phase is equal to its fugacity in the liquid phase, 
                                                        fV = fL                                                                                                 (5)                   
where subscripts V and L refers to vapor and liquid phase respectively 
Using fugacity coefficient for vapor phase fugacity and activity coefficient for liquid phase 
fugacities, equation (1) can be rewritten as 
∅1𝑦1𝑃 =  𝛾1𝑥1𝑓1𝑝𝑢𝑟𝑒
𝐿                                                                      (6) 
where ∅1 is the fugacity coefficient, 𝛾1 is the activity coefficient, 𝑦1 is the mole fraction of the 
solvent in vapor phase passing over polymeric film, P is the total pressure, and 𝑓1𝑝𝑢𝑟𝑒
𝐿  is fugacity 
in pure liquid.  
Fugacity coefficient for solvent in the gas phase is given by 
 ∅1 = exp [
𝑃
𝑅𝑇
(𝐵11 + 𝑦3
2(2𝐵13 − 𝐵11 − 𝐵33)]                                                (7) 
where 𝐵13, 𝐵11, 𝐵33 are the second virial coefficients. R is the gas constant, T is the system 
temperature and P is the total pressure. Subscripts 1 and 3 refer to solvent vapors and nitrogen 
respectively.  
The Tsonopoulos correlation19, 20 is used to calculate all second virial coefficient for 
solvent, nitrogen and solvent+nitrogen at system temperature T as given below: 
                                𝐵𝑖𝑗 =  
𝑅𝑇𝑐
𝑃𝑐
[𝑓(0)(𝑇𝑅) + 𝜔𝑓
(1)(𝑇𝑅)]                                                                (8) 
11 
 
where 𝑇𝑐 is the critical temperature, 𝑃𝑐 is the critical pressure and 𝜔 is Pitzer's factor.and  
                          𝑓(0)(𝑇𝑅) =  0.1445 −
0.330
𝑇𝑅
−
0.1358
𝑇𝑅
2 −
0.0121
𝑇𝑅
3                                          (9) 
                         𝑓(1)(𝑇𝑅) =  0.073 −
0.46
𝑇𝑅
−
0.5
𝑇𝑅
2 −
0.097
𝑇𝑅
3 −
0.0073
𝑇𝑅
3                                      (10) 
Table 1 Critical temperature, critical pressure and Pitzer constant for various systems at 
298.15 K. 
System Tc Pc ω 
Benzene 562.05 4.895 0.210 
Toluene 591.75 41.08 0.264 
Ethylbenzene 617.00 36.09 0.303 
Nitrogen 126.20 33.90 0.039 
 
For liquid phase 
𝑓1𝑝𝑢𝑟𝑒
𝐿 =  𝑃1
𝑠𝑎𝑡𝑒𝑥𝑝 [
𝐵11𝑃1
𝑠𝑎𝑡
𝑅𝑇
] 𝑒𝑥𝑝 [
𝑉𝐿
𝑠𝑎𝑡
𝑅𝑇
(𝑃 − 𝑃1
𝑠𝑎𝑡)]                                              (11) 
where the correction term with 𝑉𝐿
𝑠𝑎𝑡 will neglected. From equation (5) 
       exp [
𝑃
𝑅𝑇
(𝐵11 + 𝑦3
2(2𝐵13 − 𝐵11 − 𝐵33)] 𝑦1𝑃 =  𝛾1𝑥1𝑃1
𝑠𝑎𝑡exp (
𝐵11𝑃1
𝑠𝑎𝑡
𝑅𝑇
)                             (12) 
 𝑎1 =  
𝑦1𝑃
𝑃1
𝑠𝑎𝑡 exp [
𝑃−𝑃1
𝑠𝑎𝑡
𝑅𝑇
𝐵11 +
[𝑃(1−𝑦1)
2(2𝐵13−𝐵11−𝐵33)]
𝑅𝑇
]                                              (13) 
where 𝑎1 is the activity coefficient of the solvent based on weight fraction. 
                                             𝑦3 = 1 − 𝑦1                                                                                    (14) 
Equation (13) can be rewritten as 
                      𝑎1 =  
𝑦1𝑃
𝑃1
𝑠𝑎𝑡 exp [
𝑃−𝑃1
𝑠𝑎𝑡
𝑅𝑇
𝐵11 +
[𝑃(1−𝑦1)
2(2𝐵13−𝐵11−𝐵33)]
𝑅𝑇
]                                           (15) 
The mole fraction of the solvent vapors leaving the impinger can be computed by using 
equation (2), considering 𝛾1 = 1 and 𝑥1 = 1 
                             𝑦1𝐵 =  
𝑃1
𝑠𝑎𝑡
𝑃
1
exp [
𝑃−𝑃1
𝑠𝑎𝑡
𝑅𝑇,
𝐵11 +
[𝑃(1−𝑦1𝐵)
2(2𝐵13−𝐵11−𝐵33)]
𝑅𝑇,
] 
                                         (16) 
where T' is the temperature of the solvent storage units (impingers)  
12 
 
All the quantities on the right-hand side of the equation are calculated at solvent storage 
unit temperature (T') and pressure P.  
Saturated vapor pressure (𝑃1
𝑠𝑎𝑡) at cell temperature (T) and solvent storage unit temperature 
(T') can be obtained by Antoine equation (17). Antoine parameters for the solvent used here are 
given in Table 2. 
                                                 ln(𝑃1
𝑠𝑎𝑡) = 𝐴 −
𝐵
𝑇′+𝐶
                                                                                       (17) 
Table 2 Antoine parameter for benzene, ethylbenzene and toluene21. 
Antoine Parameter 
(barK) 
Benzene Ethylbenzene Toluene 
A 4.01814 4.07 4.0825 
B 1203.835 1419.31 1346.4 
C -53.226 -60.54 -53.1 
 
2.2 Flory Huggins Model 
The description of the sorption equilibrium between polymer (p) and solvent (s) in a binary 
system is given by the equation22 (18) 
                    
𝑛𝐺𝑁
𝑅𝑇
=  𝑁1 ln (
𝜙𝑠
𝑋𝑠
) + 𝑁2 ln (
𝜙𝑝
𝑋𝑝
) + 𝜒∅1∅2(𝑁1 + 𝑟𝑁2)                                            (18) 
where ∅𝑠 and ∅𝑝 are the volume fraction for solvent and polymer respectively. Volume fractions 
(∅𝑖) can be expressed by 
                                       𝜙𝑠 =  
𝑉𝑠𝑋𝑠
𝑉𝑠𝑋𝑠+𝑉𝑝𝑋𝑝
                                                                                     (19) 
                                      𝜙𝑝 =  
𝑉𝑝𝑋𝑝
𝑉𝑠𝑋𝑠+𝑉𝑝𝑋𝑝
                                                                                      (20) 
where 𝑋𝑠 and 𝑋𝑝 are the mole fraction of solvent and polymer respectively. 
Vs = Molar volume of solvent and 
Vp = Molar volume of polymer 
The activity of solvent for binary system is given by equation (21) 
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                                   𝑙𝑛𝑎1 = ln(∅𝑠) + (1 −
𝑉𝑠
𝑉𝑝
) ∅𝑝 + 𝜒𝜙𝑝
2                                                       (21) 
The above equation can be readily extended to ternary system23 (considering two solvents 
and one polymer). 
𝑙𝑛𝑎1 = 𝑙𝑛∅1 + (1 − ∅1) − (
𝑉1
𝑉3
) ∅3 − (
𝑉1
𝑉2
) ∅2 + ((𝜒13. 𝜙3 + 𝜒32. 𝜙2). (𝜙3 + 𝜙2)) −
                                𝜒32 (
𝑉1
𝑉3
) ∅3∅2                                                                                                  (22)                                                                                                          
The subscripts 1, 2 and 3 refers to solvent, polymer and plasticizer respectively. The equation 
requires determination of three interaction parameters and three volume fractions to be known.  
Table 3 Molar mass and molar volume of compounds. 
Compound Molar mass  
(Mi g/mol) 
Molar Volume  
(Vi ml/mol) 
Benzene 78.11 89.17 
Toluene 92.14 105.91 
Ethylbenzene 106.97 123.52 
Poly ethyl (methacrylate) 340000 306306.3 
DINCH 424.6 446.95 
DIOA 412.65 455.97 
  
The Hansen solubility parameters can be incorporated in Flory Huggins model to calculate 
interaction parameters24. This model is predictive for activity coefficients for the solvent. 
                 𝜒𝑖𝑗 =  𝛼
𝑣𝑖
𝑅𝑇
[(𝛿𝑖,𝑑 − 𝛿𝑗,𝑑)
2
+ 0.25(𝛿𝑖,𝑝 − 𝛿𝑗,𝑝)
2
+ 0.25(𝛿𝑖,ℎ − 𝛿𝑗,ℎ)
2
]1/2                (23)  
The value of all χ were obtained by minimizing the sum of square of difference in 
experimental and theoretical activities of the solvent, while treating α as an adjustable parameter. 
The value of α varies from 0 to 124. The value of α depends the solubility parameter used for the 
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material. The best optimum value of α is less than 1 for non-polar solvents. The Flory Huggins 
polymer-plasticizer interaction parameter (χ23) is independent of type of solvent, thus kept constant 
for all the three solvents used in this system.   
Table 4 Hansen solubility parameters for various components. 
Component ẟd ẟp ẟh 
Benzene 18.4 0 2 
Ethylbenzene 17.8 0.6 1.4 
Toluene 18 1.4 2 
PEMA 17.5 1.3 7.1 
DINCH 15.4 6.18 5.25 
DIOA 16.7 1.4 4.8 
 
2.3 Mechanism of Plasticization Action 
There are many theories developed to explain all the phenomenon involved during 
plasticization. These theories include Gel theory25, Lubricant theory26 etc. Among all of these 
theories, free volume theory gives a precise explanation of the plasticizer action in polymeric 
structures.  
Evolution of Free Volume theory helps to explain the change in various properties of the 
polymer such as glass transition temperature, viscosity, thermal expansion coefficients and free 
volume. This theory attempted to relate the reduction of glass transition temperature with free 
volume change between molecules with addition of plasticizers. Glass transition temperature is 
defined as the temperature at which hard, non-crystalline and glassy polymer changes to rubbery 
solid.  
Fox et al. and Flory et al.27 obtained free volume and temperature relationship for  
polystyrene with different molecular weights. The main attributes of the findings are: 
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• Free volume decreases linearly with temperature until Tg and this decrease continues below 
Tg at smaller rate. This diminution is attributed to decrease in space between atoms in 
polymer structure. 
• The free volume observed below glass transition was constant for all polymers regardless 
of their chemical structures. This free volume is the remaining volume between atoms and 
molecules which is available for oscillations and given by following equation 
𝑉𝑓 =  𝑉𝑡 − 𝑉𝑜 
           Vt is specific volume at glass transition temperature  
           Vo is specific volume at observed reference temperature. 
• Above Tg, the atoms have more energy to move and bend, but at Tg, atomic structure is 
more compact and densely packed make polymer to show glassy behavior. 
Figure 3 Different transitions in polymeric structure with temperature. 
 
The important aspects of free volume theory given by Sears and Darby28 are described as 
follows: 
The large polymer molecules line up together to make a compact structure called as 
crystallites which provide rigidity to polymers. The main sources of free volume are movement of 
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chain edges, side chain or main chain. Irregularities and impurities in polymer chain can increase 
the chain motion. These abnormalities in polymer chain can be introduced by internal 
plasticization (increasing side group chains), external plasticization (addition of compatible low 
molecular weight compounds) or increase in temperature.  The movement of polymer chain 
molecules increases the free volume.  Thus, plasticization of polymer can increase the free volume 
which provides flexibility to polymer chains which in turn helps to reduce the glass transition 
temperature.  
 
                           Ordered packing                                 Disordered packing with impurities 
                                                         Free volume  
Figure 4 Ordered packing of polymer structure at glass transition temperature and 
disordered packing after plasticization. 
 
Moreover, according to free volume theory, higher volume can be achieved if  
• Plasticizers with small molecules and lower Tg than polymer itself will be used. 
• Increasing the molecular weight of the plasticizer.  
• Use of branched plasticizers provide more free volume than linear chained polymer. 
Another effect of plasticizer action explained by free volume theory is antiplasticization. 
Antiplasticization is a phenomenon results due to addition of small amount of plasticizer which 
decreases chain motion leading to increase in crystallinity and decreased free volume. The 
decrease in chain mobility is due to steric hindrances provided through polymer-plasticizer 
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interaction. Antiplasticization phenomenon cannot be solely explained through crystallization of 
polymer structure. But it also involves the new bonds formation between the polar molecules of 
polymer and plasticizers. Antiplasticization of polymer leads to increase in density and thus 
decrease in free volume.  
Koros et al.29 reported antiplasticization phenomenon of poly(ethylene terephthalate) with 
addition of Caffeine. The main highlights of their findings were as follows: 
• Antiplasticization of PET with addition of caffeine results in reduction of sorption and 
permeation of gases through polymer. 
• Antiplasticization action occurs through hole filling and chain mobility suppression 
mechanism. 
• Hole filling mechanism involves the filling of free volume space by addition of diluents 
which leads to reduction in free volume in a glassy polymer. This action can be enhanced 
if a strong interaction exists between polymer and diluents. 
• The occupied volume for mixture of polymer (p) and diluents (d) is given by equation (24) 
                                             Vm =  ωVd − (1 − ω)Vp                                       (24) 
where ω is the weight fraction of the diluents. 
• The reduction in glass transition temperature (Tg) was observed by introducing caffeine 
since Tg for caffeine is lower than polymer. 
Free volume theory successfully explains the change of glass transition temperature and 
free volume of the polymer with addition of plasticizer.  
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CHAPTER 3: EXPERIMENTAL SECTION 
 
 
3.1 Materials and Methods 
Poly (ethyl methacrylate) (PEMA) was purchased directly from Sigma-Aldrich with a 
molecular weight of 340000 g/mol and used as supplied.  
 
Figure 5 Chemical structure of Poly (ethyl methacrylate) (PEMA). 
The two plasticizers studied were diisononyl cyclohexane-1,2-dicarboxylate (DINCH) and 
diisooctyl azelate (DIOA). DINCH (424 g/mol) was provided by BASF and DIOA (412 g/mol) 
was obtained from Scientific Polymer Products Inc. Benzene, Ethylbenzene and Toluene and 
chloroform (99% purity) was purchased from Sigma Aldrich and used without any further 
purification.  
 
 
 
 
Figure 6 Chemical structure of Diisononyl cyclohexane-1,2-dicarboxylate (DINCH) and 
Diisooctyl azelate (DIOA). 
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AT-cut quartz crystals with 5MHz frequency were used and supplied by Philips 
Technologies. The electrode has a wrap around design which allow crystal to make electrical 
contact from one side. The electrode can be made of gold or silver metal. In this study, quartz 
crystal with gold electrode were used.  The diameter of the electrode was approximately 0.5 inch. 
Quartz crystals were well polished from both sides and have good piezoelectric, mechanical and 
electrical properties allowing high stability and better sensitivity. The operating frequency range 
for crystals was 5 MHz with resistances ranges from 6-10 Ohm. The crystals used here had a 
diameter of 1-inch and thickness of 0.013 inch.  
 
Figure 7 Quartz crystal with gold electrode. 
 
3.2 Experimental Apparatus 
The experimental apparatus for collecting sorption data consists of four sections: solvent 
cell, QCM cell, vapor dilution system and Automation. The experimental apparatus has been 
previously discussed in an earlier publication by Iyer et. al.22  
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Figure 8 Experimental apparatus. 
 
3.3 Experimental Procedure 
The overall experimental procedure consists of three steps: 
• Polymer-plasticizer blend preparation 
• Film coating  
• Data collection 
• Crystal cleaning 
Polymer-plasticizer blend preparation involves proper choice of a solvent which can be 
used to prepare the solution. The compatibility and solubility of two materials can be determined 
Chillers 
Impingers 
QCM Cell 
Frequency 
counter 
Phase lock 
Oscillator 
Mass flow 
controller 
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by solubility parameters. Hansen solubility parameters can be used to predict the miscibility of 
two materials. Solubility parameter distance 'Ra' between two materials can be calculated using 
partial solubility parameter components: 
                              (Ra)
2 = 4(ẟd2 - ẟd1)2 + (ẟp2 - ẟp1)2 + (ẟh2 - ẟh1)2                                             (25) 
subscripts d, p and h depict dispersion forces, dipolar intramolecular forces and hydrogen bonds.  
The relative energy difference is given by24 
                                     𝑅𝐸𝐷 =  
𝑅𝑎
𝑅0
                                                                                          (26) 
where Ra is distance between Hansen Solubility parameter of two materials and R0 is radius of 
sphere in Hansen space of all solvents that can dissolve two materials. The two materials have 
affinity if RED<1. Chloroform and Toluene were the first choices as solvent to dissolve polymer 
and plasticizers. The weight percentage of plasticizers used to make different polymer-plasticizer 
blends were 25%, 17.5% and 10%. 20 mL of solvent was used to dissolve a total of 0.5g polymer-
plasticizer mixture and then sonicate the solution while heating for one hour to ensure proper 
mixing. 
After preparation of polymer-plasticizer blend, a spin coater was used to coat a thin film to 
a quartz crystal. The thickness of a spin coated film depends on the speed, concentration of material 
and type of solvent. The thickness of film (t) is inversely proportional to square root of angular 
velocity (ω) of spin coating. 
                                                      𝑡 𝛼 
1
(𝜔)1/2
                                                                              (27) 
300μl of the solution was casted uniformly on the crystal with the spin coater off and then 
allowed to spin for 5 minutes at velocities ranging from 1000-5000 rpm to get a frequency shift of 
2000 Hz.   
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Figure 9 Spin coater for crystal coating. 
 
LABVIEW software is used for data collection in form of frequency, time, resistances and 
weight fractions. Firstly, the baseline frequency of a bare quartz crystal was measured and then 
data points were collected. Activity v/s weight fraction curves helps us to study the sorption of 
solvents (benzene, toluene and ethyl benzene) in polymer-plasticizer film. 
23 
 
 
Figure 10 Front panel of LabView software. 
 
The cleaning process involves removal of polymer-plasticizer film on the quartz crystal. 
Firstly, the coated crystals wrapped with Kim Wipes were kept in soxhlet extractor. Chloroform 
solvent was used in soxhlet extractor to clean polymer-plasticizer film on the crystal. A condenser 
was placed atop the extractor to allow refluxing. This process was continued for roughly 6 hours. 
Then crystals were rinsed with Millipore water and dried off by blowing nitrogen gas.  
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Figure 11 Soxhlet extractor for cleaning quartz crystals. 
 
Differential Scanning Calorimetry (DSC) analyzer was used to measure the glass transition 
temperature of polymer sample. Figure (12) shows the Differential Scanning Calorimetry 
instrument. The experimental setup and procedure for DSC analysis consists of following steps: 
• Starting the system: 
o Log into the computer with username and password. 
o Switch on the power button to start DSC analyzer. 
o Connect and open the purge nitrogen tank valve. 
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• Preparing the sample: 
o Weigh the empty sample aluminum pan 
o Put the sample in pan which need to be analyzed. The mass of sample should be in 
the range of 10mg to 20mg.  
o Close the pan with the lid. Place the pan in the well of crimping dye. 
o Pull the lever forward until handle hits the stop. 
o Raise the lever and take out the pan carefully.  
o Keep the empty reference pan along with sample pan. 
o Keep the sample pan in the DSC analyzer. 
• DSC Analysis: 
o Open TA Controller panel window. Select Experiment/Mode and then choose 
Standard Mode. 
o Input the sample mass and sample name. 
o Select Ramp option for the Test list. 
o From the Procedure page, set the temperature range from 200C to 1000C. 
o Click Apply Button and then start the experiment by pressing Run option. 
o After completion of experiment, use Universal analysis 2000 software and open 
experiment file. 
o Right click on the starting and final points to set limits and press Accept limits. 
You will get the graph showing glass transition temperature range 
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Figure 12 Differential Scanning Calorimetry analyzer. 
 
  
27 
 
 
 
 
 
 
CHAPTER 4: RESULTS AND DISCUSSION 
 
 
4.1 Results  
The present results for pure poly ethyl (methacrylate) were compared with previous 
literature data for benzene to ensure the proper working of experimental apparatus used in this 
thesis.  Our data agreed well with available literature data at temperature of 323 K. Table (5) shows 
the weight fraction of benzene in pure PEMA collected using quartz crystal microbalance and 
Figure (13) shows the comparison of experimental results with literature results.  
 
Figure 13 Activity versus weight fraction curve for benzene in PEMA at 298.15 K. 
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Figure (14) shows the Differential Scanning Calorimetry (DSC) analyzer result for Pure 
PEMA. The glass transition temperature ranges from 66.090C to 820C. 
 
 
  Figure 14 Differential Scanning Calorimetry analysis for pure PEMA. 
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Figure 15 Differential Scanning Calorimetry (DSC) for plasticized 
PEMA with DINCH (5%). 
 
4.2 Polymer-Plasticizer Composition Trend 
The concentration of plasticizer was adjusted to get high sorption of the solvent vapors. 
The various mixing ratios of plasticizers used in this experiment were 10%, 17.5% and 25%. The 
frequency response of PEMA in the presence and absence of the plasticizer on benzene exposure 
is shown in figure (15) and figure (16). It can be seen that for PEMA containing plasticizer there 
was sharp step wise decrease in the frequency response during benzene exposure in contrast to 
pure PEMA which showed slow diffusion of benzene vapors in the film.  
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Figure 16 Frequency versus time curve for sorption ethylbenzene in PEMA at 298.15 K. 
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Figure 17 Frequency versus time curve for sorption ethylbenzene in  
  PEMA/DINCH at 298.15 K. 
 
Tables (5) to (10) show the weight fraction data of various solvents in polymer-plasticizer 
system. LABVIEW software can produce maximum of ten data points at arbitrary concentrations 
of each solvent. To identify the effect of incorporation of DINCH and DIOA plasticizers in PEMA 
polymer, activity v/s weight fraction curves were plotted at different concentration of plasticizers.  
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Table 5 Experimental data for weight fraction of benzene in PEMA, DINCH (25%), 
DINCH (17.5%) and DINCH (10%) at 298.15 K as a function of benzene activity. 
Activity Weight fraction of benzene 
a1 
 
Pure PEMA DINCH (25%) DINCH (17.5%) DINCH (10%) 
0.070 0.012 0.020 0.021 0.028 
0.136 0.031 0.041 0.043 0.046 
0.205 0.054 0.063 0.064 0.065 
0.267 0.072 0.086 0.086 0.086 
0.330 0.091 0.110 0.107 0.108 
0.393 0.111 0.135 0.132 0.132 
0.448 0.134 0.163 0.159 0.156 
0.510 0.160 0.194 0.188 0.185 
0.566 0.190 0.229 0.222 0.218 
0.620 0.222 0.267 0.258 0.253 
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Table 6 Experimental data for weight fraction of toluene in PEMA, DINCH (25%), DINCH 
(17.5%) and DINCH (10%) at 298.15 K as a function of toluene activity. 
Activity Weight fraction of Toluene 
 
a1 
 
Pure PEMA 
 
DINCH (25%) 
 
DINCH (17.5%) 
 
DINCH (10%) 
0.062 0.004 0.020 0.029 0.027 
0.122 0.011 0.040 0.041 0.037 
0.186 0.018 0.060 0.063 0.061 
0.243 0.029 0.080 0.081 0.082 
0.302 0.041 0.104 0.102 0.097 
0.362 0.058 0.127 0.122 0.118 
0.416 0.079 0.153 0.147 0.141 
0.476 0.103 0.183 0.175 0.167 
0.531 0.130 0.215 0.206 0.197 
0.585 0.160 0.251 0.240 0.229 
 
 
 
 
 
 
34 
 
Table 7 Experimental data for weight fraction of ethylbenzene in PEMA, DINCH (25%), 
DINCH (17.5%) and DINCH (10%) at 298.15 K as a function of ethylbenzene activity. 
Activity Weight fraction of Ethylbenzene 
a1 Pure PEMA DINCH (25%) DINCH (17.5%) DINCH (10%) 
0.057 0.005 0.016 0.016 0.016 
0.113 0.011 0.033 0.035 0.033 
0.171 0.019 0.051 0.053 0.049 
0.225 0.033 0.070 0.072 0.067 
0.280 0.067 0.092 0.092 0.085 
0.336 0.088 0.113 0.113 0.107 
0.386 0.105 0.137 0.139 0.129 
0.443 0.124 0.163 0.163 0.153 
0.496 0.146 0.193 0.191 0.178 
0.547 0.170 0.225 0.221 0.205 
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Table 8 Experimental data for weight fraction of benzene in PEMA, DIOA (25%), DIOA 
(17.5%) and DIOA (10%) at 298.15 K as a function of benzene activity. 
Activity Weight fraction of benzene 
a1 
 
Pure PEMA DIOA (10%) DIOA (17.5%) DIOA (25%) 
0.070 0.012 0.020 0.02 0.020 
0.136 0.031 0.039 0.04 0.042 
0.205 0.054 0.059 0.063 0.064 
0.267 0.072 0.080 0.085 0.088 
0.330 0.091 0.102 0.109 0.112 
0.393 0.111 0.126 0.134 0.139 
0.448 0.134 0.152 0.16 0.168 
0.510 0.160 0.180 0.19 0.199 
0.566 0.190 0.212 0.224 0.234 
0.620 0.222 0.246 0.261 0.271 
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Table 9 Experimental data for weight fraction of toluene in PEMA, DIOA (25%), DIOA 
(17.5%) and DIOA (10%) at 298.15 K as a function of toluene activity. 
Activity Weight fraction of Toluene 
a1 
 
Pure PEMA DIOA (10%) DIOA (17.5%) DIOA (25%) 
0.062 0.004 0.023 0.027 0.021 
0.122 0.011 0.040 0.040 0.050 
0.186 0.018 0.057 0.058 0.069 
0.243 0.029 0.074 0.078 0.090 
0.302 0.041 0.093 0.099 0.110 
0.362 0.058 0.114 0.121 0.134 
0.416 0.079 0.137 0.146 0.160 
0.476 0.103 0.162 0.174 0.189 
0.531 0.130 0.192 - 0.223 
0.585 0.160 0.224 - 0.260 
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Table 10 Experimental data for weight fraction of ethylbenzene in PEMA, DIOA (25%), 
DIOA (17.5%) and DIOA (10%) at 298.15 K as a function of ethylbenzene activity. 
Activity Weight fraction of Ethylbenzene 
a1 
 
Pure PEMA DIOA (10%) DIOA (17.5%) DIOA (25%) 
0.057 0.005 0.015 0.016 0.017 
0.113 0.011 0.030 0.044 0.036 
0.171 0.019 0.046 0.061 0.056 
0.225 0.033 0.064 0.080 0.076 
0.280 0.067 0.081 0.099 0.097 
0.336 0.088 0.100 0.119 0.119 
0.386 0.105 0.121 0.141 0.146 
0.443 0.124 0.144 0.166 0.173 
0.496 0.146 0.169 0.194 0.203 
0.547 0.170 0.198 0.224 0.234 
 
Figures (17) to (22) show the comparison of activity v/s weight fraction curves at various 
polymer-plasticizer ratios. As perceive from the figures, the sorption of solvent vapors increases 
with increase in plasticizer concentration. This increase is due to greater accessible free volume of 
PEMA with doping of plasticizer. 
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Figure 18 Comparison of activity versus weight fraction curve for benzene in PEMA, 
25% DINCH, 17. 50% DINCH and 10% DINCH at 298.15 K. 
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Figure 19 Comparison of activity versus weight fraction curve for toluene in PEMA, 
25% DINCH, 17.50% DINCH and 10% DINCH at 298.15 K. 
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Figure 20 Comparison of activity versus weight fraction curve for ethylbenzene in 
PEMA, 25% DINCH, 17.50% DINCH and 10% DINCH at 298.15 K. 
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Figure 21 Comparison of activity versus weight fraction curve for benzene in PEMA, 
25% DIOA, 17.50% DIOA and 10% DIOA at 298.15 K. 
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Figure 22 Comparison of activity versus weight fraction curve for toluene in PEMA, 
25% DIOA, 17.50% DIOA and 10% DIOA at 298.15 K. 
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Figure 23 Comparison of activity versus weight fraction curve for ethylbenzene in 
PEMA, 25% DIOA, 17.50% DIOA and 10% DIOA at 298.15 K. 
 
4.3 Flory Huggins Interaction Parameters 
Table (11) present value of the Flory Huggins interaction parameters χ12 (solvent-polymer), 
χ13 (solvent-plasticizer) and χ23 (polymer-plasticizer) for different plasticizer systems. The value 
of polymer-plasticizer interaction parameter (χ23) was taken independent of type of solvent.  
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Table 11 Flory Huggins interaction parameters. 
Interaction 
parameter 
Benzene Toluene Ethylbenzene 
χ12 
(solvent-PEMA) 
0.151 0.156 0.225 
χ13 
(solvent-DIOA) 
0.104 0.085 0.115 
χ23 
(PEMA-DIOA) 
0.196 0.196 0.196 
χ13 
(solvent-DINCH) 
0.089 0.006 0.007 
χ23 
(PEMA-DINCH) 
0.041 0.041 0.041 
 
The fitting curves for experimental and model data are shown in figure (23) to (26) 
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Figure 24 Fitting curve for experimental data and model data of benzene in  
pure PEMA. 
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Figure 25 Fitting curve for experimental data and model data of benzene in 
PEMA/DINCH (25%). 
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Figure 26 Fitting curve for experimental data and model data of benzene in 
PEMA/DINCH (17.5%). 
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Figure 27 Fitting curve for experimental data and model data of benzene in 
PEMA/DINCH (10%). 
 
4.3 Discussion 
Figure (15) and (16) shows the typical frequency response of quartz crystal microbalance 
in absence and presence of plasticizer in PEMA. The slow diffusion of benzene vapors in PEMA 
with no plasticizer can be related to stiff and glassy nature of pure PEMA whereas, PEMA with 
25% DINCH (w/w) revealed a sharp step decrease in frequency with higher sorption of analyte. 
Figure (16) to (21) are the plots for comparing activity versus weight fraction curves for different 
concentrations of plasticizers in PEMA. It is clear from the comparison that plasticizer was 
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responsible for increasing number of sorption sites in PEMA.  Moreover, there was no significant 
difference between weight fraction of solvent vapors in PEMA with DIOA plasticizer and PEMA 
with DINCH plasticizer. One possible reason could be the similar molecular weight of DINCH 
and DIOA with a difference of only 10 g/mol. In addition to this, a potential drop in glass transition 
was observed with addition of plasticizer. The lowering of the glass transition temperature was 
directly related to increase in free volume of polymer which corresponds to higher sorption rate.    
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CHAPTER 5: CONCLUSION AND FUTURE WORK 
 
 
5.1 Conclusion 
It has been shown that sorption of organic vapors in poly (ethyl methacrylate) was 
significantly increased by adding plasticizer in the film. Two plasticizers, DINCH and DIOA, were 
studied. It was proposed that addition of plasticizer increases free volume in polymer which in turn 
increases sorption of solvent vapors.  Solubilities of benzene, ethylbenzene, and toluene in 
plasticized PEMA at 298.15 K are reported in the form of activity versus weight fraction data. The 
experimental data was interpreted by Flory Huggins model for ternary system.  
 
5.2 Future Work 
Future Work includes repeating the same experiment with other glassy polymers such as 
poly (methyl methacrylate) and polystyrene. Another possibility of future work is to study more 
plasticizers such as n butyl stearate, Dibutyl sebacate, Di-n-butyl phthalate etc. It also involves 
introducing more characterization tools such as Fourier Transform Infrared Spectrophotometer 
(FTIR) and Positron Annihilation Spectroscopy (PALS) to study the effect of addition of 
plasticizer on properties of polymer. 
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APPENDIX A: ADDITIONAL INFORMATION 
 
 
The detailed information about all the fitting curves for experimental and model data are 
given in this section. 
 
Figure A1 Fitting curve for experimental data and model data of toluene in 
pure PEMA. 
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Figure A2 Fitting curve for experimental data and model data of ethylbenzene in 
pure PEMA. 
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Figure A3 Fitting curve for experimental data and model data of benzene in 
PEMA/DIOA (25%). 
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Figure A4 Fitting curve for experimental data and model data of benzene in 
PEMA/DIOA (17.5%). 
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Figure A5 Fitting curve for experimental data and model data of benzene in 
PEMA/DIOA (10%). 
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Figure A6 Fitting curve for experimental data and model data of toluene in 
PEMA/DIOA (25%). 
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Figure A7 Fitting curve for experimental data and model data of toluene in 
PEMA/DIOA (17.5%). 
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Figure A8 Fitting curve for experimental data and model data of toluene in  
PEMA/DIOA (10%). 
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Figure A9 Fitting curve for experimental data and model data of ethylbenzene in 
PEMA/DIOA (25%). 
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Figure A10 Fitting curve for experimental data and model data of ethylbenzene in 
PEMA/DIOA (17.5%). 
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Figure A11 Fitting curve for experimental data and model data of ethylbenzene in 
PEMA/DIOA (10%) at 298.15 K. 
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Figure A12 Fitting curve for experimental data and model data of toluene in 
PEMA/DINCH (25%). 
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Figure A13 Fitting curve for experimental data and model data of toluene in 
PEMA/DINCH (17.5%). 
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Figure A14 Fitting curve for experimental data and model data of toluene in 
PEMA/DINCH (10%). 
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Figure A15 Fitting curve for experimental data and model data of ethylbenzene in 
PEMA/DINCH (25%). 
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Figure A16 Fitting curve for experimental data and model data of ethylbenzene in 
PEMA/DINCH (17.5%). 
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Figure A17 Fitting curve for experimental data and model data of ethylbenzene in 
PEMA/DINCH (10%). 
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